Introduction
Leakage of radioactive wastes and toxic metals into the subsurface has been identified at various DOE facilities (1) Besides carrying fission products, some of the tank waste solutions were very saline and caustic, containing high concentrations of sodium, nitrate, and aluminum (4) (5) (6) . Heat released from radioactive decay caused tank waste solutions to boil, and temperatures in underlying sediments were sustained above ambient levels. Because of their extreme chemical-physical conditions, leakage of these tank solutions into the sediments resulted in dissolution of primary minerals and precipitation of secondary minerals. Formation of secondary colloidal phases could have become associated with contaminants from the tank liquids through co-precipitation and adsorption. Subsequent colloid transport might have contributed to the deep migration of contaminants (7, 8) . Under the DOE's initiative on cleanup of the Hanford Site, recent studies have resulted in a variety of findings relevant to contaminant transport, including identifying the mechanisms for sorption of Cs + in sediments (9, 10) , the formation of cancrinite as a secondary mineral phase (11, 12) , the geochemical evolution of waste plumes (13, 14) , the effect of cation exchange on Cs + sorption (15, 16) , and the effect of colloids on Cs + transport (17) .
In recent studies (13, 14) , we showed that three distinct zones occur within active saline-caustic waste plumes; the silicate dissolution zone, neutralization zone, and plume front. The plume front is the moving boundary between invading tank waste solution and displaced uncontaminated pore waters. In this paper we report findings on colloid formation at the plume front obtained from our laboratory simulations of the tank waste leakage process. Table 1 . The median grain-size is 350 µm, and average grain density is 2.77
Experimental Section
Mg m -3 . The chemical composition of a water extract from this sediment (water to soil mass ratio = 1:1, at 21˚C for 24 hours) is presented in Table 2 . (Table 3 ). The synthetic tank waste solution (TWS) used in this study was based on the directly measured composition of single shell tank SX-111 (Table 3) , which is believed to be fairly representative of leaked TWS from the SX tank farm. This synthetic TWS is within the middle range of Agnew's (4) estimated composition of tank supernatant solutions. Radionuclides were not included in our synthetic TWS, because this study focused on the behavior of the major elements. All salts added to the synthetic TWS were completely dissolved within hours of stirring at room temperature, resulting in a solution density of 1.37 Mg m -3 . The solution was filtered (0.45 µm) before use. Two sets of column experiments were conducted, using 50 and 250 mm tall columns.
In the 50 mm tall set, nine pore volumes (PVs) of TWS were injected and followed by nine PVs of the leaching solution to test infiltration-induced colloid release. The leaching solution was a10-fold dilution of the soil water extract shown in Table 2 . This solution was used to represent a mixture of native pore water from overlying uncontaminated soil and infiltrating rainfall water. Besides measuring pH and turbidity of the effluent fractions, precipitates contained in the plume front effluents were isolated for bulk chemical analyses (electron microprobe) and mineralogy identification (XRD). The precipitates were collected on filters (0.25 µm), lightly rinsed with deionized water to remove excess soluble salts, and air-dried. In the 250 mm tall column set, only 6 PVs of TWS were injected. In addition to measuring turbidity and pH, concentrations of major cations were measured in these effluents. distributions in the plume front effluent were measured using a centrifuge particle sizer (CPS, CPS Instrument, Inc.). Only the effluent fraction collected at the plume front contained enough particles for the particle size analyses.
Characterization of Effluent
Concentrations of major cations in effluents from the 250 mm tall columns were analyzed by ICP-OES (Thermo Jarell Ash Hi Res IRIS). Because many of these effluents contained colloids, and some of them formed after the effluents were collected, an aqua regia, hydrofluoric acid, and boric acid digestion was used to dissolve precipitates (19) .
The precipitates collected from effluent liquids were analyzed for their morphology crucible, in an oxidizing flame over an air-gas burner. Each sample was mixed with a Pt wire loop to make a bead, and the resulting bead was polished prior to determining major element concentrations using an electron microprobe (20, 21) . Note that only the plumefront liquid contained enough mass of particles for the bulk chemical analyses.
Results and Discussion
Colloid indicates mixing of high-saline TWS with the displaced low salinity native soil water. The phenomenon of dramatic pH reduction at the plume front has been reported recently (13, 14) and will be discussed further in this paper. Si-rich spheroidal aggregates were amorphous in TEM electron microdiffraction analyses as well.
We also studied the morphology, chemical composition and mineralogy of particles collected from the plume body and leaching stage effluents. We found that within the plume body effluents, cancrinite [Na 8 larger quantity of precipitates under 70˚C. This is because of higher Si concentrations from higher silicate dissolution rates at 70˚C. Particles collected from the leaching stages under the two temperatures were very different. At 70˚C, the same cancrinite and zeolite found in the plume body were also identified in leaching stage. However, at 21˚C, bayerite and calcite were the major mineral phases. Unlike the plume front colloids (dominantly amorphous/poorly crystallized, and submicron sizes), these precipitates were well crystallized and larger (up to about 5 µm). The majority of these formed after the effluents were collected. Details of these results are not presented because this paper is focused on the plume fronts. Particle Size. Although the turbidity data presented in Figures 1 and 2b were measured as soon as an effluent fraction was collected, the SEM and XRD samples were prepared about 4 weeks later. This time lapse and equilibration with ambient temperature contributed to particle formation in effluents from the 70˚C columns. Thus, the amorphous, hollow silicate spheres (Figures 4a and 4d ) likely grew and aggregated after collection of the effluent. The particle size measurements obtained on freshly collected effluent suspensions are presented in Figure 5 , only for the ambient temperature plume front colloids. Because these measurements must be done at ambient temperature, samples collected from the 70˚C column would be influenced by post-sampling precipitation. The particle size analyses are from duplicate samples, and expressed in terms of relative masses, relative numbers, and relative surface areas, assuming a density of 2.7 g cm -3 and spherical shape. In terms of relative mass (Figure 5a ), over 90% of the mass is associated with colloids in the size range of 0.5 to 2.3 µm, with the highest contribution by about 1.0 µm sized particles. In terms of number (Figure 5b) , the large contribution is by the small particles in the size range of 30 to 100 nm (30 nm is the resolution limit of the CPS). In terms of surface area (Figure 5c ), over 90% of the total surface-area is associated with colloids in the size range of 0.3 to 2.0 µm. It is interesting to note that although the <0.1 µm fraction is dominant in terms of particle numbers, the nominally 1 µm fraction is dominant in terms of not only mass, but surface area as well.
Figure 5.
Size distribution of plume front colloids at 21˚C, presented in terms of (a) relative particle mass, (b) relative particle number, and (c) relative surface area. The particle density was assumed to be 2.7 g cm -3 , and the shape was assumed to be spherical.
The two sets of curves are duplicate samples of the plume front fraction.
Mechanisms Responsible for Colloid Formation at the Plume Front. The coupled transport and geochemical reactions during the tank leakage process are complex, and our understanding of these reactions and processes is still incomplete. Based on our limited experimental data, the likely geochemical reactions controlling colloid formation at the plume front are summarized in Table 5 . Cation exchange (eq 1), with Na , dissolution of primary silicates in the sediment was significant, especially under elevated temperatures. Some of the dissolved Si was advected with the plume front, and after encountering the reduced pH at the plume front, it precipitated forming the colloidal Si phase (eq 7). Amorphous sodium silicate (eq 7) was abundant within the 70˚C samples. Although cancrinite/zeolites precipitates were identified as the major secondary phases in plume bodies under both temperatures, they were not detected at the plume front. Size distribution of plume front colloids at 21˚C, presented in terms of (a) relative particle mass, (b) relative particle number, and (c) relative surface area. The particle density was assumed to be 2.7 g cm -3 , and the shape was assumed to be spherical.
